latory system that leads to suboptimal delivery of blood flow (high or low) to the pulmonary circulation and/or elevated venous pressures-at rest or with exercise." 5 Although the RV is a key component of the right heart system (and our focus), it is important to remember that unfavorable alterations of any component of the circulation from the systemic veins up to the pulmonary capillaries can result in right heart failure symptoms.
Similar to the left ventricle (LV), the 3 determinants of RV function are preload, contractility, and afterload. Defining afterload is particularly important as the presence of elevated RV afterload in left heart disease (LHD) identifies an "RV at risk." For this reason, much attention has been placed on defining pulmonary hypertension (PH) in the context of LHD. Currently, PH is defined by a resting mean pulmonary artery pressure (mPAP) that is greater than or equal to 25 mm Hg. 4 Mean PAP is a function of the product of cardiac output (CO) and pulmonary vascular resistance (PVR) as well as the downstream left heart pressure (pulmonary artery wedge pressure [PAWP] /left atrial pressure [LAP] or left ventricular end-diastolic pressure [LVEDP] ): mPAP ϭ PVR ϫ CO ϩ PAWP Thus, one can see that mPAP may be elevated due to increase in resistance, an increase in flow (CO), or a downstream increase in left heart filling pressure. In cases of LHD, the latter variable predominates, though we will discuss later how it can also contribute to acute and chronic alterations in PVR and capacitance.
The relative contributions of these various components to an elevated mPAP in a given patient carries prognostic and diagnostic information, so considerable attention has been paid to the nomenclature employed to categorize differing hemodynamic profiles. Recently, the Fifth World Symposium on Pulmonary Hypertension proposed the following: 1) isolated postcapillary PH (IpcPH)-previously termed "passive" PH; and 2) combined postcapillary and precapillary PH (CpcPH)-previously called "reactive," "out-ofproportion," or "mixed PH." 6 IpcPH and CpcPH are differentiated hemodynamically by parameters that suggest a component of pulmonary vascular disease (ie, a precapillary component). Commonly used parameters to differentiate between IpcPH and CpcPH include the transpulmonary gradient (TPG), which is the mPAP minus PAWP, PVR (TPG divided by CO), and the diastolic pulmonary gradient (DPG) [diastolic pulmonary artery pressure (dPAP) minus PAWP] (Table 1) . Although initially proposed as the sole discriminator of CpcPH and IpcPH, more recent studies have suggested the DPG may not carry the prognostic significance originally thought, [7] [8] [9] [10] [11] casting doubt on its inclusion in diagnostic definitions.
EPIDEMIOLOGY
Before delving into the details of right heart disease (RHD) pathophysiology, it is important to identify the extent to which LHD patients are affected by RHD. However, quantification of the prevalence of elevated pulmonary pressure (PH) in LHD carries important caveats. First, most large studies have employed echocardiography in estimating systolic pulmonary artery pressure (sPAP) even though mPAP is the true hemodynamic determinant of the presence of PH. While mPAP can be derived from sPAP with a relative degree of reliability, 12,13 echocardiographic measurement of sPAP remains an inexact technique 14, 15 and requires an adequate tricuspid regurgitation jet. While more precise, retrospective studies employing hemodynamic data are susceptible to referral bias and inadequate fluid optimization status and could overestimate the prevalence of PH in LHD.
Even accounting for these limitations, it is clear that PH in LHD is a prevalent condition. In patients with heart failure with reduced ejection fraction (HFrEF), studies indicate that 26% to 86% of patients have PH. [16] [17] [18] [19] The prevalence of CpcPH in HFrEF patients ranges from 25% to 47%: a recent evaluation of a large ambulatory HFrEF population found 40% with CpcPH. 19 In patients with heart failure with preserved ejection fraction (HFpEF), the prevalence of PH has ranged from 36% to 83%. [20] [21] [22] Data are more limited on the prevalence of CpcPH in HFpEF. Using a precapillary component definition of PVR Ͼ2.5 Wood units or TPGϾ12 mm Hg, Thenappan found a prevalence of 68% among those patients in their PH registry who had undergone right heart catheterization. 23 Given the heterogeneity of HFpEF, vast differences in population demographics present in various publications may also affect the reported prevalence of PH.
12, 24, 25 Finally, PH is prevalent in patients with left-sided valvular disease, including mitral stenosis (up to 73%), 26 ,27 mitral regurgitation (23%-44%), 28, 29 and aortic stenosis (29%-47%).
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PATHOPHYSIOLOGY OF RHD IN LHD
Mechanisms of PH in LHD (Increasing RV Afterload)
In LHD, the inciting abnormality leading to PH is an elevation in LAP, whether due to HFrEF, HFpEF, or valvular disease. This leads to a passive proportional increase in dPAP (and thus mPAP), which results in PH even in the absence of alterations in the pulmonary vasculature. 33 However, the pathophysiology is often more complex than simple passive elevation in pressure. Even in the absence of structural pulmonary vascular changes, passive elevations in pulmonary vascular pressure may contribute to a perceived precapillary component to PH. Unlike in the systemic circulation, compliance (or the blood storage capacity of the vessels) in the pulmonary vasculature is more evenly distributed across the pulmonary bed, and the peripheral or distal vessels are responsible for most of the pulmonary vascular compliance. 34, 35 Thus, the principal determinant of pulmonary vascular compliance is usually PVR, with compliance declining in a predictable hyperbolic fashion as PVR rises. [36] [37] [38] Elevations in left-sided pressure significantly alter this paradigmatic relationship ( Figure 1 ). As passive pressure increases, compliance declines at a given PVR, leading to enhanced pulmonary wave reflections. These reflective waves return during ventricular systole to further increase sPAP. Because dPAP is unaffected by wave reflections, the TPG and PVR increase. 39, 40 With further elevation in pulmonary pressures, alterations in pulmonary vasoreactivity and structural damage ensue. Smooth muscle vascular relaxation is impaired, likely arising from endothelial dysfunction due to alterations in the nitric oxide, 41 endothelin, [42] [43] [44] and renin-angiotensin-aldosterone signaling pathways. 45 Further, elevated pulmonary vascular pressure results in damage to the pulmonary capillaries. While plexiform lesions (the pathologic correlates of World Health Organization [WHO] Group 1 PH) are notably absent, 46, 47 with sustained injury, deposition of type IV collagen increases, and alterations occur in endothelial cell plasma membranes, cytoskeletal components, calcium handling, and expression of various growth factors. [48] [49] [50] [51] [52] This contributes to physical alveolar-capillary remodeling and impairments in alveolar gas exchange. 53 Further, chronic pressure elevations are associated with increased muscularization of the pulmonary arterioles and medial hypertrophy and neointima formation in the pulmonary arteries and veins. 46, 47 All of these changes result in elevations in PVR and a pathologic transition from IpcPH to CpcPH. While improvement in PVR has been described after procedures reducing left-sided pressures (eg, mitral valve surgery, left ventricular assist device), many patients have persistent elevations in PVR, which supports the persistence of these pathologic changes to the PVR. [54] [55] [56] [57] The degree, timing, and prediction of the regression of these pathologic changes remains poorly understood.
Response of the RV to Elevated Afterload RV afterload is defined by ventricular wall stress occurring throughout ejection. LaPlace's law defines wall stress () mathematically as a proportionality between ventricular pressure during ejection (P EJ ) multiplied by the ventricular radius of curvature (r EJ ) divided by the wall thickness (h).
When considering wall stress, 2 important differences between the LV and RV must be considered. First, the RV is a thin-walled structure, so "h" in LaPlace's equation is a small number even during systole. Second, while the radius of curvature (r EJ ) declines throughout systole in the LV, mitigating to some extent the increase in pressure, the r EJ declines less (or may actually increase) in the RV during systole. 59 Therefore, RV wall stress is highly dependent on and can be estimated by the pressure (P EJ ). By integrating the RV systolic pressure over the time between pulmonary valve opening and closing (ejection), one can accurately calculate P EJ . Finally, by dividing the endsystolic pressure (ESP) by the stroke volume (SV), one can calculate a validated "lumped" parameter of afterload known as the effective arterial elastance (Ea). In normal subjects, the RV pressure-volume loop is triangular as pressure decays throughout ejection into a compliant vascular circuit. This makes determination of end-systolic pressure on routinely employed invasive (right heart catheterization) or noninvasive (echocardiography) assessment difficult. However, in diseases leading to elevated pulmonary pressures (eg, LHD), the reduction in compliance leads to an increase in pulsatile loading (due to augmented early return of arterial wave reflections) and a rise in pressure throughout ejection. 39, 60 Thus, ESP may be closely approximated by peak sPAP (a value easily measured on right heart catheterization), and Ea calculated by sPAP divided by SV (Figure 2) . The RV LaPlace relationship described above would predict that RV function would be sensitive to acute increases in pulmonary pressures. Indeed, in a dog model, Abel et al found that an acute increase in mPAP of a mere 10 -15 mm Hg resulted in a 30% reduction in right ventricular SV, while a 40 mm Hg increase in mean system arterial pressure only resulted in a 10% reduction in left ventricular SV. 61 This was paralleled in findings by Ghio et al where RV ejection fraction (RVEF) was inversely proportional to mPAP in 377 chronic heart failure patients.
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RV Contractile Adaptation and LV/RV Contractile Interactions
While the RV is quite sensitive to acute changes in pulmonary pressures, changes may occur over time to improve contractility, matching increases in afterload. While the beat-to-beat adaptation of ventricular contractile function based on preload (heterometric adaptation, described by Starling's law) is wellappreciated, the RV may also experience augmentation of contractile function with increased afterload conditions (eg, elevated Ea) over time, termed homeometric adaptation and described by Anrep's law of the heart. 63 In a normal RV, elevations in afterload are matched by homeometric elevations in contractile function and perhaps even adaptive hypertrophy, and the RV and its afterload remain well "coupled." However, many diseases that affect the left heart respect no septal boundary and may lead to intrinsic RV contractile dysfunction as well. Furthermore, contraction against a chronically elevated afterload leads to adverse RV remodeling (maladaptive hypertrophy, dilation, and ultimately contractile failure). In these cases, RV contractile function cannot augment to match an elevated afterload (it is "uncoupled" from its afterload), 60 and either stroke volume must decline or preload must increase to take advantage of heterometric adaptation to maintain CO.
Finally, it must be understood that the left and right ventricles do not exist in isolation, and are instead highly interdependent. In an elegant set of experiments in the early 1990s involving electrically isolated canine ventricles, Damiano et al demonstrated that approximately 30% to 50% of RV contractile energy is generated by LV contraction. 4 More recently, experiments have suggested that septal function is essential for RV longitudinal contraction, which contributes up to 80% of RV systolic function. 64 Therefore, one can appreciate that even in the absence of any intrinsic RV disease, compromise of the LV and/or the interventricular septum (as commonly occurs in LHD) will result in a reduction in the contractile function of the RV.
CLINICAL AND THERAPEUTIC IMPLICATIONS OF RHD IN VARIOUS LHD STATES
Heart Failure
In a study of 463 patients with HFrEF undergoing hemodynamic catheterization, Miller et al found that the presence of any PH was correlated with an elevated risk of death (adjusted HR 2.24, PϽ0.001). 65 Furthermore, patients with a PVR Ն3 Woods units (termed "mixed PH" in this study) had a significantly elevated risk of death compared with those patients with a PVR Ͻ3 ("passive PH"), thus establishing the prognostic import of RV afterload in LHD, and specifically the poor prognosis portended by HF patients with PH and significant precapillary component. Several studies had previously established that HFrEF patients with reduced RV function (defined primarily by echocardiographically derived parameters) carried a worse prognosis. In 2001, Ghio and colleagues studied the additive prognostic value of combining measures of RV afterload (mPAP) and RV systolic function (thermodilution-derived RVEF) in 377 patients with heart failure undergoing hemodynamic catheterization. In this study, patients with elevated mPAP and preserved RVEF comprised a small portion of the population, but had a similar prognosis to patients with a normal mPAP. Patients with an elevated mPAP and reduced RVEF were over 7 times more likely to die or undergo urgent transplantation when compared with patients with normal RVEF and normal mPAP. 62 This finding highlights that neither RV function nor pulmonary pressures should be considered in isolation; it is the inability of the RV to remain coupled to its afterload that likely drives disease progression.
For patients with HFpEF, elevated pulmonary pressures carry a worse prognosis as well. In a heart failure cohort with both HFpEF and HFrEF patients, Bursi found increasing tertiles of echocardiographically derived sPAP to be associated with worse survival, independent of LV ejection fraction (LVEF). 66 In 2014, Melenovsky and colleagues identified RV dysfunction as the strongest predictor of death in an HFpEF population. 67 Later the same year, Mohammed and colleagues demonstrated that the addition of RV dysfunction (defined by semiquantitative echocardiographic assessment) to elevated afterload carries an increased risk of mortality and hospitalization, similar to HFrEF. 68 When considering therapy of RHD in the setting of heart failure, one must remember the contribution of elevated left atrial pressure to RV afterload. As PAWP rises, not only does dPAP passively increase, but pulsatile RV load also increases, leading to out-of-proportion elevations in sPAP, TPG, and PVR as described above. Dupont and colleagues Loop from a patient with mild pulmonary hypertension due to heart failure with preserved ejection fraction. The width of the PV loop is the stroke volume (SV; red-dotted line). Due to the shape of the PV loop with pulmonary hypertension, end-systolic pressure (ESP) is closely approximated by peak pulmonary artery systolic pressure. Effective arterial elastance (blue line), a "lumped" parameter of afterload, can then be estimated as systolic pulmonary artery pressure divided by SV.
found that pulmonary artery compliance (estimated as SV/pulmonary pulse pressure) was a better predictor of both RV dysfunction as well as transplant-free survival than PVR. 69 The authors suggested that compliance (like Ea) lumps both resistive (PVR) and pulsatile components into a single measure of RV load. Compliance was also recently shown to predict survival in those heart failure patients with normal PVR. 40 These studies may suggest that measures of total RV afterload, rather than specifically the precapillary component, are the best hemodynamic predictors of survival in heart failure, and further support the notion that RV function and load influence outcome in left heart failure. Therefore, the importance of adequately treating elevated left heart filling pressures to improve RV afterload and contractile efficiency cannot be overstated. Similarly, therapeutic decisions dependent on measures of RV afterload (eg, heart transplantation for patients with elevated PVR) should only be based on hemodynamics obtained when the left heart filling pressures are optimally treated. To assess and treat RHD in left heart failure, one must first maximally treat the failing left heart.
For patients with continued elevations in RV afterload despite optimization of left heart filling pressures, evidence-based therapeutic options are limited. Given the afterload sensitivity of the RV and the poor prognosis portended by elevated PVR in heart failure, it seems logical that a pharmacologic reduction in the precapillary component of RV afterload would benefit patients with heart failure. Phosphodiesterase-5 (PDE-5) inhibitors such as sildenafil inhibit degradation of cyclic guanosine monophosphate, enhancing signaling through the nitric oxide pathway, and seem tailor-made for therapy of heart failure complicated by RHD. Indeed, early studies showed great promise for sildenafil in both HFrEF and heart failure. [70] [71] [72] [73] [74] However, the RELAX study, a multicenter, double-blind, placebo-controlled, parallel-group, randomized clinical trial of 216 stable outpatients with HFpEF, found that sildenafil did not improve exercise capacity or clinical status compared with placebo. 75 In a substudy of RELAX, Borlaug and colleagues shed light on a potential mechanism of this finding by demonstrating that while sildenafil improved endothelial function and reduced systemic load, it was associated with a reduction in LV contractility and ultimately had no effect on pulmonary artery systolic pressure in these patients.
76
Other PH-specific pharmacologic agents studied in LHD have met with even more disappointing results. The FIRST study, a multicenter, international, randomized study in 471 HFrEF patients, demonstrated that epoprostenol failed to improve exercise capacity or quality of life and was terminated early due to a strong trend toward decreased survival. 77 Echoing the PDE-5 experience, endothelin-1 antagonists such as bosentan showed early promise in animal and small hemodynamic studies of patients with PH-LHD. 78, 79 However, in the large-scale REACH clinical trial, bosentan therapy failed to improve outcomes and was instead associated with a higher early risk of heart failure events. 80 Importantly, no multicenter randomized study has exclusively enrolled heart failure patients with a significant precapillary component, and it remains unknown if PH-specific therapy could benefit this population.
Recently, Borlaug and colleagues demonstrated the administration of dobutamine (a ␤-1 agonist) to HFpEF patients resulted in improvements in RVEF. Surprisingly, however, they were able to demonstrate that this improvement was solely due to reduction in RV afterload unrelated to reduction in left heart pressures, suggesting that these HFpEF patients had an underlying reversible pulmonary vasoconstriction that is responsive to ␤-adrenergic therapy. 81 This suggests a potentially novel direction for pharmacologic therapy for RHD in HFpEF patients, though prior experience with ␤-adrenergic stimulatory therapy in heart failure advises caution. 
Left-sided Valvular Disease
Mitral stenosis represents the paradigmatic left-sided valvular disease associated with the development of PH. Fortunately, correction of the underlying valvular disease usually results in resolution of PH, though improvement may take up to a year to be evident. 83, 84 Young patients with a shorter duration of disease tend to demonstrate more marked improvement, perhaps due to the absence of truly irreversible pulmonary vascular changes. Preoperative severity of PH does not affect outcomes in patients undergoing balloon mitral valvuloplasty, and even patients with very high pulmonary pressures (mPAP Ͼ50 mm Hg) may undergo mitral valve replacement surgery with resultant postoperative improvements in pulmonary vascular hemodynamics. 85 Aortic stenosis is also associated with the development of PH, and correction of the underlying valvular disorder is similarly associated with an improvement in pulmonary hemodynamics. Even in patients with severe PH (sPAP Ͼ60 mm Hg), recent studies show benefit for aortic valve replacement.
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LV Assist Device Therapy
With the growing heart failure population and continued scarcity of suitable transplant organs, left ventricular assist device (LVAD) therapy is becoming increasingly common as both a bridge to transplant and long-term treatment option for end-stage heart failure. While LVAD therapy reduces RV afterload by lowering the left heart filling pressures, up to 40% of patients experience clinical right heart failure after LVAD implantation, 87 and right heart failure is associated with increased mortality post-LVAD. 88 The explanations for the observed RV failure are myriad and include damage to the RV and septum during surgery, disadvantageous changes in ventricular interdependence mitigated by reduced LV contractility, changes in septal architecture, and alterations in RV shape all in the setting of a suddenly elevated CO. [89] [90] [91] [92] Therefore, in patients being considered for LVAD implantation, careful preoperative consideration of RV function is crucial to avoid potentially catastrophic post-LVAD RV failure.
In surgeries involving cardiopulmonary bypass and pericardiotomy (such as traditional LVAD implantation), Raina demonstrated that the RV alters its con-tractile pattern from longitudinal to transverse, though overall RV function remained normal in the face of normal afterload. 93 It has been postulated that the transverse RV contractile pattern is more sensitive to alterations in afterload, and indeed a retrospective hemodynamic analysis from our group showed that the RV has an increased sensitivity to afterload in LVAD patients. 94 Furthermore, it appears that while RV function worsens immediately after LVAD implantation, it improves over the ensuing 12 to 36 months in a manner almost wholly dependent on a concomitant improvement in RV afterload. Thus, in the patient struggling with post-LVAD RV failure, aggressive afterload reduction and "tincture of time" may lead to improvements in RV function.
CONCLUSION
Right heart disease is common in left heart disease and carries important prognostic implications. When assessing patients with RHD in the context of LHD, one must consider the contributions of both postcapillary and precapillary components of RV afterload, remembering that postcapillary components (elevated PAWP)-in addition to passive elevations in pressure-can cause augmented pulsatile loading of the RV out of proportion to the PVR. Therapy of RHD in LHD should focus first on maximally treating the respective left heart condition and then considering therapeutic options to reduce RV afterload or potentially augment contractility. In every variety of LHD, one must remember that the RV is not an innocent bystander, but is an active player in the game.
